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Sign reversal of magnetoresistance and p to n transition in Ni doped ZnO thin film
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We report the magnetoresistance and nonlinear Hall effect studies over a wide temperature range
in pulsed laser deposited Ni0.07Zn0.93O thin film. Negative and positive contributions to magne-
toresistance at high and low temperatures have been successfully modeled by the localized magnetic
moment and two band conduction process involving heavy and light hole subbands, respectively.
Nonlinearity in the Hall resistance also agrees well with the two channel conduction model. A
negative Hall voltage has been found for T≥50K, implying a dominant conduction mainly by elec-
trons whereas positive Hall voltage for T<50K shows hole dominated conduction in this material.
Crossover in the sign of magnetoresistance from negative to positive reveals the spin polarization of
the charge carriers and hence the applicability of Ni doped ZnO thin film for spintronic applications.
Magnetoresistive random access memory, spin valves
etc., utilizing magnetoresistance (MR) phenomena have
been successfully fabricated. Control of spin degree of
freedom of electrons along with the charge in diluted
magnetic semiconductors (DMSs) is presently an active
field of research [1]. Magnetic impurity doped ZnO based
DMSs are currently the most important class of materi-
als for investigation of spintronic applications because of
the presence of small spin-orbit coupling and room tem-
perature ferromagnetism [2–4].
MR measurement is a powerful tool to investigate the
spin dependent functionality like spin polarized transport
in DMSs where both positive and negative MR are found
to exist depending on the transition metal ion doping
and measuring temperatures [5–8]. Several interpreta-
tions have been suggested so far regarding the occurrence
of negative(positive) MR at high(low) temperatures, viz;
weak localization/antilocalization [9, 10], Lorentz force
[11], spin split bands formed due to Zeeman effect [12]
multichannel carrier conduction [13], etc. Despite these
encouraging findings, origin of MR particularly positive
MR at low temperatures in several ZnO based com-
pounds is still controversial and lead researchers to look
for the existence of nonlinearity in the Hall resistance.
Nonlinearity in field dependent Hall resistivity is reported
to have its origin in magnetic ordering and is identified
as anomalous Hall effect (AHE) [3, 14].
MR results were also reported to be significantly af-
fected by density, type of charge carriers and the band
structure modification [5, 9, 15–17]. Xu et al. [5] stud-
ied the carrier concentration dependent MR in Co doped
ZnO films and found metal-to-insulator transition around
the critical carrier concentration (nc=10
19 cm−3) [5]. Wu
and Chen [17] have reported the effect of energy band
structures on MR of degenerate semiconductors in strong
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magnetic fields. Furthermore, a number of investigations
have also been devoted to the study of MR in individual
undoped and n/p-type doped ZnO thin films [18–21], al-
though there is a lack of literature related to the study of
MR in doped ZnO thin films which exhibit both n-type
and p-type character at different temperatures. Systems
with holes as the majority charge carriers seem to be
of great importance because of their large effective mass
and strong spin-orbit coupling.
In view of this, present work aims to study MR and
Hall effect in Ni0.07Zn0.93O film and to investigate the
origin of positive MR and nonlinearity in the Hall effect.
Ni0.07Zn0.93O thin film (thickness = 200nm) was
grown on quartz substrate using pulsed laser deposition
technique. Further details of the deposition technique are
given elsewhere [18]. From the X-ray diffraction results
(not shown here), the grown film was found to be c-axis
oriented, single phase and preserves the wurtzite struc-
ture of ZnO. Isothermal MR measurements were per-
formed in four probe geometry where an in-plane mag-
netic field was applied parallel to the direction of current,
giving rise to longitudinal MR. Hall measurements in the
temperature range 2-300K and in the field range 0-5T
were carried out using four probe technique in 9T ACT
PPMS, system from Quantum Design, USA.
Figure 1 represents the isothermal MR data taken upto
±8T magnetic field (H) and clearly shows that the val-
ues as well as the character of MR are highly sensitive to
the temperature (T) and magnetic field. At low temper-
ature values (<50K), initially MR reduces with increase
in H values and attains a minimum value at certain field
beyond which it starts increasing with further increase in
field and crosses to a positive value. While at higher tem-
peratures (≥50K), MR is always negative and its magni-
tude increases with increasing magnetic field. In order to
understand the mechanism responsible for such behavior,
MR curves were fitted taking into account both positive
and negative contribution [12]. Symbols shown in fig.
1 are the experimental data points while the solid thick
lines are the best theoretical fits given by [12],
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FIG. 1: MR data taken at various constant temperatures.
Thick solid lines are the best theoretical fits to the experi-
mental curves using equation (1).
∆ρ
ρ0
= −a2 ln (1 + b2H2) +
c2H2
1 + d2H2
(1)
here ∆ρ (=(ρH -ρ0)) is the change in resistivity due to
applied magnetic field, ρH(ρ0) being the electrical resis-
tivity in presence(absence) of applied field, respectively
and a, b, c and d are the fitting parameters given by,
a2 = A1JρF
[
S(S + 1) + 〈M2〉
]
(2)
b2 =
[
1 + 4s2pi2
(
2JρF
g
)4](
gµB
αKBT
)2
(3)
c2 = σ1σ2
(
µ1 + µ2
σ1 + σ2
)2
; d2 =
(
σ1µ2 − σ2µ1
σ1 + σ2
)2
(4)
Here J is the exchange interaction energy, g is the Lande
factor, ρF is the density of states at Fermi level, 〈M
2〉
is the average magnetization of localized ions, S is the
spin of localized magnetic moment, α is the numerical
constant ranging from 0.1 to 10 and the parameter A is
a measure of contribution of spin scattering to the total
MR. c and d being the specific parameters related to the
conductivity (σi) and mobility (µi) (i=1,2) of different
group of carriers in the two subbands.
Equation 1 exactly replicate the experimental curves,
suggesting an excellent agreement between the theory
and experimental MR behavior at all measuring temper-
atures. To check the validity of the applied model, it may
be noted that, parameter b has a 1/T dependency (fig.
2(a)). First term in eq. (1) is dominant at high temper-
atures and corresponds to negative MR which takes into
account the contributions of localized magnetic moments
arises from magnetic impurity. In the absence of applied
field, these localized magnetic moments are randomly ori-
ented causing more scattering of the charge carriers and
hence enhanced resistance (fig. 2b)(left)). When a field
FIG. 2: (a) Inverse temperature dependency of the ’b’ param-
eter; (b) Schematic depicting the localized magnetic moment
model; Random orientation of the magnetic moments in the
absence of external magnetic field (left) and oriented magnetic
moments in the direction of applied magnetic field (right).
is applied, these randomly oriented magnetic moments
get aligned in the direction of field, thereby reducing the
scattering of charge carriers (fig. 2b(right)).
We now address the behavior of positive MR at 5K and
10K, where the second term of eq. (1) becomes signifi-
cant and suggests active role of charge carriers. Khosla
and Fischer have attributed the cause of positive MR
to the spin split bands due to Zeeman effect [12]. Mul-
tichannel conduction mechanism involving different elec-
tronic bands and/or spatially separated parallel conduct-
ing channels, can also give rise to positive MR [13, 22].
Such conduction mechanism has also been observed in
various doped semiconductors where electron and hole
subbands are considered [23, 24]. Chikoidze et al. [25]
have also reported positive MR in 1% Ni doped ZnO film
at 300K with a continous increase with field [25].
Figure 3(a)-(f) shows the magnetic field dependency
of change in Hall resistance (∆Rxy(H)) at various tem-
peratures. Two important features were observed, (i)
negative (positive) Rxy(H) for T≥50K (T<50K) and
(ii)occurrence of nonlinearity at low temperatures. At
first glance, because of the appearance of nonlinearity
in the Rxy(H) (fig. 3(a-c)), it is tempting to consider
AHE, often found in ferromagnetic materials. Hall resis-
tance describing the AHE consists of two terms, Rxy(H)
= RoH + R’xy, where Ro is the ordinary Hall coefficient
and R’xy (=RaµoM) is the anomalous Hall resistance,
usually, proportional to magnetization (M) with Ra be-
ing the anomalous Hall coefficient [3]. If the nonlinear-
ity results from a ferromagnetic origin, then Rxy(H) and
the magnetoresistivity are expected to show the magnetic
hysteresis which is not visible in the present case.
In our case, the origin of positive MR may lie in the two
band model involving two parallel conducting channels.
While studying nonlinear Hall effect and multichannel
conduction in LaTiO3/SrTiO3 superlattices, Kim et al
[13] have fitted their data by the following equation,
Rxy(H) =
p+ q2H2
r + s2H2
. (5)
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FIG. 3: (a)-(f) Magnetic field dependency of change in Hall
resistivity of Ni0.07Zn0.93O film. (a)-(c) Solid thick lines (red
color) are the best theoretical fits to the experimental data
using eq. (5) for T<50K. (d)-(f) Dashed thick lines (blue
color) are the linear fits to the experimental data for T≥50K.
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FIG. 4: Magnetic field response of the Hall voltage of
Ni0.07Zn0.93O film; (a) and (b) shows the results for T<50K
and T≥50K, respectively. Inset in (a) shows the nonlinear
behavior of Hall voltage with field at 10K and 20K.
Based on this equation, we have fitted the Rxy(H) data
with the constraint of Rxx(0))=1/e(µ1n1+µ2n2). Here, e
is the electronic charge, ni (i=1, 2) is the carrier density
and p, q, r, and s are the fitting parameters defining
the relation between the carrier densities and the carrier
mobilities in the two subbands and are defined as;
p = µ2
1
n1 + µ
2
2
n2; q =
µ2
1
µ2
2
n1 + n2
. (6)
r = e(µ1n1 + µ2n2)
2; s = e
(
µ21µ
2
2
(n1 + n2)2
)
. (7)
Excellent fitting at low temperatures suggests that the
two band conduction process is responsible for such be-
havior in Rxy(H) and hence the positive nonlinear MR.
Figure 4 demonstrates the magnetic field dependency
of the Hall voltage (VH). From fig. 4, it is evident
that the slope of VH switches from negative to posi-
tive as the temperature goes down below 50K. Posi-
tive VH (thus the Hall coefficient) at low temperatures
FIG. 5: Schematic band structure of NiZnO. (a)With con-
duction band (CB) (top), degenerated heavy hole (HH) and
light hole (LH) bands (middle), and spin split off (SO) bands
(bottom) in the absence of external magnetic field (H=0), (b)
Shows the lift in degeneracy of HH and LH at k=0.
(fig. 4(a)) (T<50K) signatures the p-type conductiv-
ity of Ni0.07Zn0.93O film implying holes are the major-
ity charge carriers whereas the negative sign of VH for
T≥50K (fig. 4(b)) reveals that electrons are the major-
ity charge carriers and hence the n-type conductivity of
the film at high temperatures. These observations show
that Ni doping is akin to hole doping in ZnO as a ground
state. It is worth mentioning here that both holes and
electrons have different mobility and hence they have dif-
ferent magnetic field and voltage responses. They will
also behave differently at different temperatures. Also,
the nonlinearity in VH for T<50K is in corroboration
with the low temperature MR data. Electron density
is estimated to be of the order of 1020 cm−3 (T≥50K),
while the hole density is found to be in the range 1017-
1019 cm−3 (T<50K).
Keeping in view the p-type nature at low tempera-
tures, we now concentrate on the valence band of NiZnO,
formed by O 2p and Ni 3d states. The valence band
further comprises of three subbands viz; heavy hole
(HH) (with J=3/2; Jz=±3/2), light hole (LH) (J=3/2;
Jz=±1/2) and spin split off (SO) (J=1/2; Jz=±1/2)
bands. In the absence of external magnetic field and
strain, these HH and LH bands are degenerate at the
center of the Brillioun zone (fig. 5a). On applying mag-
netic field, these subbands experience Zeeman splitting
due to p-d exchange interaction with the Ni ion. Conse-
quently, the degeneracy breaks resulting in the change in
the relative energy positions of the subbands (fig. 5b).
Effective masses of LH and HH differ leading to two hole
species having different mobilities. At low temperatures,
the magnetic field induced splitting of HH and LH bands
is larger than the thermal energy, giving rise to spin po-
larized current. This feature vanishes at higher tempera-
tures where the thermal energy dominates over the split-
ting energy causing disappearance of spin polarization of
current. Similarly, the disappearance of polarization at
4higher fields at 5K and 10K arises due to the fact that
energy bands corresponding to +3/2, +1/2 and (-3/2,
-1/2) at positive (negative) magnetic fields come closer
to the valence band and holes from both the bands con-
tribute to the transport. Since the spin of these bands
are a mixture of ± 1/2, therefore spin polarization dis-
appears at higher fields. The crossover of the sign of MR
from negative to positive also reveals the possibility of
spin polarized current [26].
In conclusion, positive(negative) MR and p(n)-type
conductivity have been observed at low(high) temper-
ature regimes in Ni0.07Zn0.93O film. Positive MR and
nonlinearity in the Hall resistance is explained on the ba-
sis of two band model comprising of LH and HH bands.
Switching of MR from negative to positive at tempera-
tures below 50K are also reported.
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